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Introduction
The solid oxide fuel cell (SOFC) is a wide-temperature-range (500-1000 C) electrochemical device that utilizes hydrogen or hydrocarbons as an anode fuel. The SOFC has become a viable replacement for existing power sources due to its high energy conversion efficiency, fuel flexibility that may allow direct operation on natural gas, and environmental safety.
1 Recent progress in SOFCs can be partly attributed to the development of new electrolyte materials, which are a key component of the electrochemical cell.
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Among the novel oxygen ionic conductors reported in the recent literature, apatite-structured lanthanum silicates have been of great interest because of their high ionic conductivity, low electronic conductivity, intermediate operational temperature range, and moderate thermal expansion coefficients.
3 For example, an electrochemical cell with an apatite-type La 10 Si 5.5 Al 0.5 O 26.75 electrolyte was recently re-evaluated. 4 This material has a higher conductivity than yttria-stabilized zirconia, and is comparable to most of the solid electrolytes proposed for the intermediate temperature range, such as doped ceria and lanthanum gallate-based electrolytes.
Lanthanum silicate La 9.33 Si 6 O 26 has the P6 3 /m space group 5, 6 and belongs to a general class of 'apatite' compounds ( Fig. 1 ). These compounds contain compact tetrahedral 'anion' structural units (SiO 4 ) 4À with strong covalent bonding, which are networked with each other to produce higher-coordination sites such as nine-coordinated and trigonal bi-pyramidal sites that are occupied by lanthanum ions. The former is (1/3, 2/3, z) 4f in the Wyckoff notation, and the latter is (x, y, 1/4) 6h. These sites, however, necessarily contain vacancies because of the non-stoichiometric La content, and structural analysis has indicated that these are limited to the 4f sites. The framework formed by (SiO 4 Despite these achievements, and to clarify the ambiguities, a thorough and precise understanding of the most stable configuration and the migration mechanism of oxygen defects at an electronic level for apatite oxide-ion conductors is required. In addition, the lanthanum vacancy (V La ) is expected to introduce a large inhomogeneity in the potential energy of defects, since the electrostatic potential will be less screened by electrons than in metals. However, the role of V La in the diffusion of O i has not been sufficiently considered. For example, if the inhomogeneity creates a trap for the diffusing species, the migration barrier would be primarily determined by its depth. In the present system, since the oxygen atom is assumed to migrate in a onedimensional channel, the effect of the inhomogeneity could be significant in the migration.
In this study, we examined the oxygen ionic conduction mechanism in La 9.33 Si 6 O 26 using the extensively employed density-functional theory. We determined (i) the electronic structure of La 9.33 Si 6 O 26 , (ii) the most stable geometry and formation energy of O i , and (iii) the migration path and energy barrier of O i , explicitly considering the effects of the charge state and the relative geometry to the preexisting V La . The results will be presented and discussed after a description of the theoretical details.
Theoretical scheme
Total energy calculations were carried out within the density functional theory (DFT) with the generalized gradient approximation (GGA) in the Perdew-Burke-Emzerhof form.
10 The electron-core interaction was represented by the ultrasoft pseudopotential method.
11 The psedopotentials were generated by the reference configuration of 2s 2 and 2p  4 for O, 3s  2 and 3p  2 for Si,  and 5s   2   , 5p 6 , 5d 1 , 6s 1.5 , and 6p 0.5 for La. Plane waves of which kinetic energy is less than 50 Ry were used as basis functions for the wave functions, and 200 Ry for the charge density distribution. The error due to these cut-off energies was 2.0 Â 10 À4 eV per cell.
Lattice constants and internal positions in perfect unit cells were fully optimized until all residual Hellmann-Feynman forces on each atom and residual stresses were reduced to within 10
À3

Ry Bohr
À1 (2.6 Â 10 À2 eV A À1 ) and 0.05 GPa, respectively. The kpoint mesh for the Brillouin zone integration was selected according to the Monkhorst-Pack scheme. 12 The numerical calculations were performed using the PWSCF code.
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A supercell was constructed for the calculation of La 9.33 Si 6 O 26 and for systems with excess oxygen. The size of the supercell was chosen to be 1 Â 1 Â 3 times the conventional apatite unit cell, amounting to 124 (+1) atoms. This was the minimum practical size for the explicit modeling of V La . Throughout present paper, atomic coordinates in the supercell are expressed in units of the lattice constant of the conventional cell. A 2 Â 2 Â 2 shifted kpoint mesh was adopted for the total energy calculation. In the charged defect calculations, a specific charge was assigned to the supercell. A neutralizing homogeneous background charge was assumed in order to avoid divergence of the long-range interactions between the defect and its periodic images. No further correction for this interaction was included in the present calculations since there is an ambiguity on screening of the defect potential by the surrounding electrons and ion clusters.
The formation enthalpy E f [X q ] of defect species X in charge state q is given by,
where E tot [bulk] and E tot [X q ] are the total energies of the perfect and defect-containing supercells, respectively, and m i and n i are the chemical potential and the number of the i-th atom, respectively. E F is the Fermi level, measured from the top of the valence band (valence band maximum, VBM) E v . For consistency in the total energies of a charged defect and of the perfect cell, the potentials were aligned by DV q in eqn(1), which was estimated from the energy bands localized at atoms away from the defect center. It should be noted that spin polarization is necessary for precise estimation of the energy of the open shell case in DFT, such as that of a single negatively-charged oxygen interstitial. In our case, however, the spin polarization was found to not significantly affect the stability of the charged states, and the energy reduction due to the spin polarization was only 0.036 eV in the total energy of the stable geometry.
The nudged elastic band (NEB) methodlattice was performed to generate the equilibrium structure. Since the current content of the lanthanum silicate in the apatite-type structure assumes V La s, their configuration and energetics were explored first. Previous experimental results indicated that V La s reside at the 4f La sites. To determine a distribution of V La s and minimize structural distortion, four different arrangements of V La s in opposing columns of the 1 Â 1 Â 3 supercell were examined to find the most stable configuration of the host La 9.33 Si 6 O 26 lattice and address any possible vacancy-vacancy interactions. The examined La vacancy arrangements are indicated as the n-th nearest neighbors to a preexisting V La .
To better understand the V La arrangement in our specified supercell, we mapped the relevant interaction energies between V La s in Fig. 2 , which was obtained from the total energies of independent V La s and the no-vacancy lattice. It can be seen that the arrangement denoted as 4NN was predicted to be the most favorable of these configurations. The results also indicate that the interaction between the vacancies is repulsive, even for 3NN. Therefore, the vacancies should tend to be distributed uniformly. Experimentally, there is no evidence of an ordered arrangement of V La s. The random distribution of V La is probably a quenched structure that is dependent upon the sample preparation conditions. We assumed the 4NN configuration of V La in the present calculations. We also note that for the excess-La case, the atoms tend to distribute uniformly because of the positive interaction energy values.
Calculated and experimental lattice constants and formation enthalpies DE f of La 9.33 Si 6 O 26 and binary oxides, SiO 2 (a-quartz) and La 2 O 3 , are summarized in Table 1 . It can be seen that the GGA calculations reproduced the experimentally-determined structural parameters of La 9.33 Si 6 O 26 with errors of less than 0.6%. The deviations of the calculated internal atomic coordinates from the experimental values are also within 1.0%, but are not listed in the table. The calculated formation energies were underestimated in absolute value, compared to the experimental values. Such deviations have often been observed in GGA calculations for oxides, and an explanation associating it with the error in the ionization energy of an oxygen atom has been proposed. The PDOS analysis in Fig. 3 indicates that the highest valence band is formed mainly by the O-2p orbitals, hybridized with components of the surrounding cations. In the relatively lower energy region from around À7.0 to À3.0 eV, the valence band consists of the O-2p orbitals at 6h and 12i sites hybridized with the 3s/3p component of Si and a partial contribution from the La-5d orbitals. The O-2p orbital at the 2a site is distributed over a higher energy range from À5.0 eV to the VBM, along with some components of the La-5d orbitals. As noticed in Fig. 3 , the bottom of the conduction band (the conduction band minimum, CBM) is mainly composed of the La-5d orbital.
Fermi-level-tuned oxygen interstitial position
In order to find the most energetically stable excess-oxygen atomic configurations, different inserted positions, from the conduction channel center to its periphery, and different symmetric arrangements were carefully examined, including the interstitial positions reported experimentally and theoretically for several of the charged states. The obtained equilibrium geometries are displayed in A on average) occurrs at the 2a-site oxygen atoms neighboring the split pair.
In the case of the double-negatively-charged oxygen interstitial (O 00 i ), as illustrated in Fig. 4 (c) , the lowest energy oxygen interstitial configuration is also the split interstitial, but its midpoint is not at the channel center and the split pair axis is aligned in the The present study assumed V La s explicitly in the supercell, and their configurations were modeled as described in the previous section. Their positions with respect to the split pair position given above are (1/3, 2/3, 1/2) and (2/3, 1/3, 2). It follows that the split pair of excess oxygen resides near one of the vacancies. The pair's relationship with the vacancy will be discussed in the next section.
In the present calculations it was found that some stable interstitial positions in a specific charged state become less stable, or even unstable, when more electrons are inserted or removed.
Other geometrical positions become stable, demonstrating charge-induced multistability in the La 9.33 Si 6 O 26 conductor. This is because these interstitial configurations are quite sensitive to the surrounding atomic bonding environment arising from local charges.
It is interesting to compare the interatomic distance of the neutral split interstitial pair with the atomic and ionic radii; twice the radius of the neutral oxygen atom is 1.2 A, and twice the ionic radius is 2.76
A. The separations of O i s in the neutral and single negatively charged states are between these two values. This indicates that a covalent bond is formed in the split pair. The separation between the O atoms in the double-negativelycharged pair is close to twice the ionic radii. In this case, the split pair consists of closely packed oxygen ions. We refer to the charge state as if it were for a single interstitial atom. The electron distribution, however, should be considered to extend over both atoms.
In materials with an energy gap, the Fermi level is a critical parameter in determining alternative defects and their charge states. The formation enthalpies of O i with respect to the position of the Fermi level are presented in Fig. 5 (a) .
Among all of the charged states considered, the full formal charge state is the most stable in a wide energy range of the Fermi level. The formation enthalpy of an oxygen Frenkel pair O 00 i and V O $$ in La 9.33 Si 6 O 26 was estimated from the energies of formation of a separated interstitial atom and a vacancy to be 3.83 eV. This value is quite large compared to the typical measured activation energy value for oxygen conduction of 0.4-0.8 eV.
The transition level 3(q 1 /q 2 ) can be defined as the Fermi level position at which the charge states q 1 and q 2 have equal formation energies. The effect of the gap underestimation has often been corrected in accordance with the following: if the one-electron states induced in the energy gap have a predominantly conduction-band character, they will likely shift upward with the conduction band when band-gap corrections are applied. 24 For valence-band derived states, the band-gap correction will only modestly affect the results. In the present results, the gap states were found to have the same character as that of the valence band, O-2p. Therefore, according to the above-mentioned consideration, the effect of the energy gap error should be small. To provide additional insight into the charge distribution, and to help visualize the spatial distribution of the wave functions for the defect levels, we present a three-dimensional isosurface of the electron states in real space in Fig. 7 . The isosurface of the oneelectron states of the highest occupied and lowest unoccupied state are illustrated for the host and charged excess-oxygen supercells. For host La 9.33 Si 6 O 26 , it is evident that the electronic states of the VBM are strongly localized at oxygen atoms at the 2a site with the spatial orientation of the O-2p orbitals aligned along the [001] direction. Similarly, La-5d is observed in the unoccupied state. These are indicated in the PDOS analysis in Fig. 3. From Fig. 7 (b) , it can be seen that the unoccupied defect state of O i Â has large amplitude in the interstitial region, indicating a ps-like anti-bonding characteristic. In the charged states, there is clear evidence that the wave function from the occupied defect level remains localized at the oxygen interstitial sites, and is characterized by an antibonding state, but these defect levels are located much lower in the gap, as shown in Fig. 6 . The spatial orientation of the 2p orbitals of O 00 i is significantly different: the defect level becomes more localized than that of O 0 i .
Mechanism and energy barrier of oxygen interstitial migration
The diffusion path in the perfect crystal can be defined by the change in atomic positions between two configurations which are equivalent in symmetry, but separated by some distance. Although no symmetry will exist in the real La 9.33 Si 6 O 26 material due to the random distribution of V La s, the model for this distribution in the present study causes P6 3 symmetry in the supercell. For example, the points (x, y, z) and (y, Àx + y, z + 3/2) are equivalent. Thus, the diffusion path between these points was investigated. It should be noted that there are semi-equivalent configurations along the path: If V La did not exist, there would be more equivalent points, which would be separated by (1/2)c along the [001] direction with three-fold rotational symmetry. Fig. 8 is the potential energy profile of oxygen interstitial migration in different charged states, calculated using the present structural model. It can be seen that O 00 i , which is the most stable in a wide range of E F , has a bumpy profile. We found that there are metastable configurations along the path, corresponding to the semi-equivalent points described above. The split interstitial pairs for these are centered at (0.03725, 0.00485, 1.2402) and (À0.0362, À0.00225, 1.74795). We denote the most stable configuration and its nearest equivalent as A and A 0 , respectively, and the semi-equivalent states as B and C. The metastable configuration B in the figure was found by the full relaxation of the atoms, although the potential energy profile exhibits no local minimum at B due to the coarse mesh in the NEB diffusion path search. Moreover, another metastable configuration was added between the A and B configurations. Except for this additional metastable configuration, the other three configurations are very similar: the split interstitial is located at the original O 2a sites.
The highest energy in the present energy profile for the doublenegatively charged state was found between configurations C and A 0 , and the migration barrier, or the energy measured from the potential of A, is 0.58 eV. Although the real V La distribution will deviate from that of the present model, the results indicate that V La creates an energy difference between the configurations from À0.26 to 0.11 eV, measured from that of B, modulating the potential energy profile between sites. It can be expressed as a sum of the linear energy change between the sites and a primitive energy barrier of 0.15-0.3 eV. Assuming that the highest energy along the path is associated with configuration C and a half of the maximum primitive energy barrier, it will be 0.11 + 0.15 eV measured from B, resulting in a migration barrier of 0.52 eV from configuration A. The reported activation energies of ionic conductivity in La 9.33 Si 6 O 26 , based on impedance measurements, are distributed in the range of 0.51-0.80 eV.
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Despite the simplicity of the model, the calculation values did fall within this range.
The present calculations demonstrate that an atomic configuration change between A and B occurs as follows: One of the split interstitial pairs of atoms migrates to the original 2a site. At the same time, the other atom approaches the adjacent O atom at the 2a site to form a new pair. Due to the slanted geometry of the pair, the migrating oxygen interstitial pair adopts a simultaneous rotation. The changes from B to C and from C to the adjacent A occur in the same manner.
The migration mechanism of O 00 i proposed by B echade et al.
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is very similar to the present one, as is the most stable geometry. Nevertheless, the migration barrier obtained here is about 0.21 eV higher than their result. The difference in the present theory is the explicit consideration of the effects of V La and the use of the total energy theory. Interestingly, their calculated migration barrier was similar to the barrier height estimated in above analysis between the stable and metastable sites. It follows that V La enhances the migration barrier. The energy profiles, especially, for the O i Â state, are rather simple. This might be because oxygen moves only on the c-axis, or the lower charge of O i might have been less affected by V La . In fact, the energy difference between the stable and metastable configurations is less than 0.2 eV. On the other hand, for the O 00 i migration, when La and V La at the 4f sites are replaced by other combinations of elements with smaller charge differences, a change in the energy differences between the stable and metastable configurations would be expected. Unfortunately, the current experimental data are scattered over a rather wide range, making comparison difficult.
The calculated formation enthalpies and migration barriers can be combined to yield the oxygen activation energies as a function of the Fermi level when the system is attached to a reservoir. These results are shown in Fig. 5 (b) . The overall features closely resembles those of the formation enthalpies, but O 0 i becomes energetically stable in a narrow range of the Fermi level.
While the present lanthanum compounds are known to exhibit an interstitial or interstitialcy mechanism of oxygen diffusion, the vacancy mechanism is very popular in many oxides. We also estimated the energy change along a part of the migration path of the oxygen vacancy in the double-positively charged state. We observed 1.16 (forward) and 1.24 (backward) eV along the z direction, which is much higher than that of the interstitialcy mechanism.
The Arrhenius-type temperature change of the diffusion constants has often been interpreted as indicating a thermal formation of the defect and thermal diffusion. The calculated migration barrier height is close to the experimental activation energy. Furthermore, the formation enthalpy of the oxygen Frenkel pair is much larger, as described above. Thus, the present calculations suggest that the excess oxygen has an extrinsic origin.
Conclusions
This work provides the first theoretical determination of the position preference, formation enthalpies, and migration barrier of O interstitial ions in La 9.33 Si 6 O 26 within the DFT using the supercell method. Special attention was given to structural exploration, electronic structure analysis, and the effects of the charge state. The V La distribution was modeled in the supercell and determined to be the energetically favorable state. It was then used as the equilibrium structure for electronic structure analysis. We obtained 4.87 eV as the density-functional energy band gap. We also studied the chemical bonding in La 9.33 Si 6 O 26 , and provided a picture of the electronic structure of this apatitestructured material.
Different stable atomic configurations were recognized for excess-oxygen La 9.33 Si 6 O 26 , depending on the charge state. A split O interstitial pair was formed by pushing an O atom in the 2a Wyckoff position away from its normal site by an inserted O atom, and was aligned along the [001] direction for the neutral and À1 charged interstitials, or with the midpoint of the split pair deviating from the channel center and pointed in the [ i . In spite of the similarity of the atomic configuration to that found in a previous study, the barrier height of O 00 i was higher due to the strong effects of V La . These results support the idea that O interstitials are quite mobile in the ionic conductor La 9.33 Si 6 O 26 . Our calculated diffusion barriers are in agreement with previously reported experimental values. Furthermore, the sensitivity of the local potential energy of an oxygen interstitial, especially a charged one, in response to the distance to a preexisting V La cannot be ignored.
